Abstract. Most attempts to develop in vitro models of the blood-brain barrier (BBB) have resulted in models with low transendothelial electrical resistances (TEER), as compared to the native endothelium. The aim of the present study was to investigate the impact of culture pH and buffer concentration on paracellular tightness of an established in vitro model of the BBB consisting of bovine brain capillary endothelial cells (BCEC) co-cultured with rat astrocytes. BCEC and rat astrocytes were isolated and cocultured using astrocyte-conditioned media with cAMP increasing agonists and dexamethasone. The coculture had average TEER values from 261±26 Ωcm 2 to 760±46 Ωcm 2 dependent on BCEC isolation batches. Furthermore, mRNA of occludin, claudin-1, claudin-5, JAM-1, and ZO-1 were detected. Increased buffer concentration by addition of HEPES, MOPS, or TES to the media during differentiation increased the TEER up to 1,638±256 Ωcm 2 independent of the type of buffer. This correlated with increased expression of claudin-5, while expression of the other tight junction proteins remained unchanged. Thus, we show for the first time that increased buffer capacity of the medium during differentiation significantly increases tightness of the BCEC/astrocyte in vitro BBB model. This regulation may be mediated by increased claudin-5 expression. The observations have practical implications for generating tighter BBB cell culture models, and may also have physiological implications, if similar sensitivity to pH-changes can be demonstrated in vivo.
INTRODUCTION
The small capillaries in the brain constitute the "bloodbrain barrier" (BBB) (1) . The BBB regulates transport of nutrients and acts as a barrier for uptake of drug compounds from the circulation. Complex tight junctions between the endothelial cells limit paracellular permeability, and thus restrict passive diffusion of small hydrophilic drug compounds (2, 3) . Furthermore, the endothelial cells express a number of efflux-transporters in the apical membrane as well as a number of enzymes, which contribute to the barrier properties (4, 5) . The tightness and complexity of the BBB represent a major challenge for delivery of drugs into the brain (6) . A number of research groups have developed in vitro models based on BBB-endothelial cells (for review see Deli et al. (7)). Deli et al. highlighted the inability of many of these in vitro models to develop and uphold transendothelial electrical resistance (TEER) values resembling the in vivo BBB tightness. Most models displayed TEER values in the range of 100-800 Ωcm 2 and only a few were able to resemble the estimated tightness of the in vivo BBB of approximately 1,900 Ωcm 2 (2, 7) . Previous studies have shown significant effects of culture pH on endothelial cell growth, with the pH optimum varying between cell types (8, 9) . Moreover studies have indicated that endothelial paracellular tightness could be affected by pH fluctuations. It has been shown that lung endothelial cells cultured atop gold electrodes in pulsed CO 2 incubators experienced changes in cell impedance best explained by decreased paracellular tightness in response to small pH fluctuations (10) . A possibly related phenomenon has been observed in epithelial cells. Dickinson et al. showed a 40% increase in TEER across primary alveolar epithelial cells, when the cells were cultured in Dulbecco's Modified Eagles Medium (DMEM) containing HEPES compared to DMEM without (11) . The authors speculated that this could be a direct effect of HEPES or a result of improved buffer capacity in the medium, which led to a more stable pH during culture.
We hypothesized that the establishment and maintenance of endothelial cell tight junctions could be sensitive to small pH fluctuations in the medium. The aim of the present study was to investigate the influence of the culture medium buffer type, buffer concentration and pH on tight junction establishment in an in vitro BBB model consisting of a coculture of bovine brain capillary endothelial cells (BCEC) and rat astrocytes. When total buffer concentration was increased by addition of HEPES, MOPS, or TES to the standard culture media during the last 3 days of culturing, barrier tightness rose significantly as measured by TEER and permeability of mannitol. Using PCR and western blotting, we showed that the increase in TEER correlated with an increase in mRNA levels and protein expression of the tight junction protein claudin-5. Our results thus indicate that barrier tightness is increased with increasing buffer capacity of the medium, possibly via an increased expression of claudin-5.
MATERIALS AND METHODS

Materials
Rabbit-anti hClaudin-5 and rabbit-anti hGAPDH was from Abcam (Cambridge, UK). Total RNA isolation reagent was from ABgene (Epsom, United Kingdom). RO-20-1724 was from Calbiochem (San-Diego, USA). All primers were from DNA Technology (Århus, Denmark). Powdered Dulbecco's Modified Eagles Medium was from Gibco (Breda, Netherlands). Mouse anti hTransferrin Receptor antibody and Superscript™ III First-Strand Synthesis SuperMix for qRT-PCR were from Invitrogen (Taastrup, Denmark). Midori green DNA stain was from Kem-En-Tech A/S (Taastrup, Denmark). Alexa 488-phalloidin, goat-anti-mouse IgG (H+ L)-peroxidase conjugated, goat-anti-rabbit IgG-Alexa 488 F (AB') 2 , goat-anti-rabbit IgG (H+L)-Peroxidase conjugated, propidium iodide, RNAse and rabbit-anti-human Occludin were from Molecular Probes (Leiden, The Netherlands). Fetal bovine serum (FBS) was from PAA-Laboratories (Pasching, Austria). 13 C Mannitol and Ultima Gold Scintillation fluid were from Perkin Elmer (Hvidovre, Denmark). HotStarTaq Plus DNA Polymerase was from Qiagen (Copenhagen, Denmark). Fibronectin was from Roche Diagnostics (Hvidovre, Denmark). Rabbit-anti-rat GFAP (H50): sc-9065, rabbit-anti-human VWF (H-300): sc-14014 and rabbit-anti-human MDR-1 (C-19): sc-1517 were from Santa Cruz Biotechnology (Heidelberg, Germany). Collagenase type III, Trypsin TRL and DNAse 1 were from Worthington (Lakewood, USA). All other chemicals were from SIGMA-ALDRICH (Steinheim, Germany).
Culture Media
The composition of the culture media is outlined in Table I .
Isolation of Primary Bovine Brain Endothelial Cells and Rat Astrocytes
The isolations of BCEC and astrocytes, as well as the preparation of co-cultures, were performed basically according to the methods of Gaillard et al. with some modifications (12) . Briefly, bovine brains were acquired from calves (age 12-32 months) from the local slaughterhouse (The Danish Meat Trade College, Roskilde, Denmark) and transported in ice-cold PBS. Meninges were removed, and the gray matter was isolated, homogenized in a Dounce tissue grinder (Wheaton Science Products, Millville, USA) and filtered through 150 μm mesh filters (Merrem & La Porte, Zaltbommel, The Netherlands). The trapped capillaries were resuspended in DMEM and digested for 1 h in an enzyme mix of DNAse I (170 U/ml), Collagenase type III (200 U/ml) and trypsin TRL (90 U/ml). The suspension was filtered through 200 μm mesh filters and resuspended in FBS:DMSO (9:1). The suspension was split in ten aliquots and stored in liquid nitrogen.
Astrocytes were isolated from newborn Sprague-Dawley rats (Taconic, Ejby, Denmark). The pups were sacrificed and the cerebral cortices were isolated, homogenized and incubated in trypsin-EDTA in DMEM+HEPES. The suspension was filtered through 120 and 45 μm mesh filters, and the filtrate was seeded in T75 flasks (one flask for every two pups) and cultured until confluence (37°C, 10% CO 2 ). Upon confluence, the flasks were shaken overnight at room temperature and subsequently cultured to confluence again. The confluent astrocytes were passaged to poly-D-lysinecoated flasks (split ratio 1:3) and cultured, during which time the medium was collected as astrocyte-conditioned medium (ACM) three times a week. After 2 weeks the astrocytes were passaged with trypsin-EDTA, resuspended in FBS:DMSO (9:1) and frozen in aliquots (two vials per flask). The total yield from the astrocyte isolation was approximately 21 million cells and 500 ml ACM, which was enough for approximately 200 Transwell filter inserts (area=1.12 cm 2 ) (Corning, New York, USA).
Cell Culture for the Co-culture Model T75 flasks were coated with collagen type IV and fibronectin. Frozen bovine brain microvessels were thawed, seeded in the flasks and cultured for 5-7 days (37°C, 10% CO 2 ) in growth medium (GM) + . Three days prior to confluence, Transwell filter inserts (area=1.12 cm 2 ) were coated with collagen type IV and fibronectin, and astrocytes were seeded at the bottom of the filter inserts, 130,000 cells/filter insert. The astrocytes were cultured until the passage of the endothelial cells (37°C, 10% CO 2 ).
When the endothelial cells had reached 60-80% confluence, they were trypsinized and seeded at a density of 90,000 cells/filter insert and cultured in the co-culture system in GM − . After 3 days the medium was changed to differentiation medium (DM), DM+HEPES, DM+MOPS or DM+TES (see Table I for overview of media) and cultured for further 3 days.
Characterization of Blood-Brain Barrier Properties
TEER across the filter inserts with the BBB co-culture was measured using a Millicell-ERS device (Millipore, Massachusetts, USA) equipped with an Endohm 12 cup electrode chamber (World Precision Instruments, Sarasota, Florida).
The isolated cells were investigated with immunocytochemical staining against multi-drug resistance protein member 1 (MDR-1), glial fibrillary acidic protein (GFAP), von Willebrands factor (VWF), occludin, claudin-5 and fibrous actin. The cells were fixed on the filter inserts with 3% paraformaldehyde, treated with 0.1% Triton X-100 and blocked in PBS supplemented with 2% bovine serum albumin. The filter inserts were removed, treated with RNAse and incubated with the relevant antibody overnight. All preparations except stainings for fibrous actin were incubated with goat-anti-rabbit igG coupled with Alexa 488 and subsequently counterstained with propidium iodide before confocal laser scanning microscopy (CLSM) examination with a Zeiss LSM 510 laser confocal microscope (Carl Zeiss, Jena, Germany).
Functional integrity of the monolayers was investigated by addition of 14 C mannitol (specific activity 56.5 mCi/mmol) to the culture medium to a final concentration of 1 μCi/ml. pH measurements of the media during the culture period and transcellular transport experiments were performed using a PHM 240 PH/ION meter equipped with a PHC2401-8 combined electrode (Meterlab-Radiometer Analytical, Lyon, France).
Total RNA was isolated from co-cultures (day 6 after seeding) using Total RNA Isolation Reagent according to the non-essential amino acids (x100) 10 ml/l penicillin/streptomycin solution 100 U/ml/100 μg/ml L-Gluthamine 2 mM FBS 10% 8-(4-CPT)cAMP 312.5 μM Dexamethasone 0.5 μM RO-20-1724 17.5 μM DM+MOPS Differentiation medium with MOPS Powdered DMEM 13.3 g/l MOPS 10.5 g/l (50 mM) penicillin/streptomycin solution 100 U/ml/100 μg/ml Non-essential amino acids (-×100) 10 ml/l L-Gluthamine 2 mM FBS 10% 8-(4-CPT)cAMP 312.5 μM Dexamethasone 0.5 μM RO-20-1724 17.5 μM DM+TES Differentiation medium with TES Powdered DMEM 13.3 g/l TES 11.5 g/l (50 mM) penicillin/streptomycin solution 100 U/ml/100 μg/ml Non-essential amino acids (×100) 10 ml/l L-Gluthamine 2 mM. FBS 10% 8-(4-CPT)cAMP 312.5 μM Dexamethasone 0.5 μM RO-20-1724 17.5 μM Table II . PCR products were run in 1.5% agarose gels and visualized using Midori Green DNA stain (5 μl/100 ml gel) and a fluorchemQ image station (Alpha Innotech/Cell Biosciences, Santa Clara, CA, USA). Expression was quantified by densiometric measurements and standardized against ß-actin expression using AlphaViewQ software version 3.0.3.0. Alkaline phosphatase activity was tested on filter inserts after treatment with lysis buffer (15 mM Tris-HCl [pH=7.5], 250 mM sucrose, 60 mM KCl, 15 mM NaCl, 15 mM MgCl 2 , 1 mM CaCl 2 , 0.6% NP-40, 5% glycerol) for 10 min and subsequent centrifugation. Protein content was determined by Bradford Assay, and 1 μg protein was diluted to 20 μl. The alkaline phosphatase reaction was initiated by addition of 200 μl assay buffer (0.1 M glycine [pH=10.3], 1 mM ZnCl 2 , 1 mM MgCl 2 ) with 1 mg/ml p-nitrophenyl phosphate. The assay was run at 37°C for 25 min and the absorbance at 414 nm was measured and compared to a p-nitrophenol standard curve. The activity was defined as U/mg protein, 1 unit was equivalent to formation of 1 μg p-nitrophenol per minute.
Western blot analysis was performed on protein extracts from co-cultures (day 6 after seeding). Cells were lysed in RIPA buffer (0.01 M Tris-HCl [pH 8.0], 0.14 M NaCl, 1% Triton X-100, 0.1% Na-deoxycholate, 0.1% SDS, 10 μg/ml proteinase inhibitors, 1 mM PMSF and 10 mM Na-pyrophosphate) for 20 min on ice and subsequently centrifuged (18,000×g, 10 min, 4°C). The protein concentration was determined by the Bradford assay. Prior to SDS-PAGE, 2 μg of total protein from the different cell lysates were mixed with 5× Laemli-SDS-sample buffer and 0.1 M DTT and heated at 95°C for 10 min. SDS-PAGE was run on 4-15% gradient gels. Proteins were visualized via chemiluminescence (ECL-Plus, Amersham Biosciences) using horseradish peroxidase (HP)-conjugated secondary antibodies and exposure to ECL Hyperfilms (Amersham Biosciences). The blots were visualized in a fluorchemQ image station.
Data Analysis
TEER values were standardized by subtracting the resistance across empty filter inserts and multiplying by the cross-sectional area.
The transcellular transport data was plotted with total amount of nanomoles transported in each well against time. The fluxes were calculated as the slope of the straight lines at steady-state divided by the cross-sectional area of transport. Apparent permeability values were calculated from the steady-state fluxes:
where P app is the apparent permeability, J is the observed steady-state flux and C donor is the added concentration to the donor compartment. Donor samples were taken at the beginning and end of each experiment to ensure that sink conditions were applicable (less than 10% of total amount transported). Standardized TEER values and permeability coefficients were compared using a student's t test or one-sided ANOVA followed by Newman-Keuls test to investigate for significance between the individual populations (α=0.05).
RESULTS
Growth Capacity of Endothelial Cells from Bovine Brain Capillaries was Dependent on Animal Age
Isolations of endothelial cells from seven individual bovine brains were performed. The endothelial cells were characterized with respect to growth rate and barrier integrity (Table III) . The total yield of endothelial cells after 7 days in 6 cells per brain, or contained more than 5% pericytes as judged by visual inspection, and were discarded due to failure to produce sufficiently tight monolayers. The discarded cultures all originated from animals with an age of 32 months or older, whereas the cultures yielding high cell numbers and low pericyte contamination originated from animals with an age of 15 months or younger. This indicated that brains from younger animals had the largest growth capacity.
Bovine Endothelial Cells Developed Tight Monolayers when Co-cultured with Rat Astrocytes
Endothelial cells were co-cultured with astrocytes on permeable filter supports. The development of TEER across the monolayers was followed from the day of seeding the endothelial cells (Fig. 1) . The TEER remained low for the first 3 days of growth. DM was added on day 3 (after the TEER measurement), which led to a marked increase in monolayer resistance. A plateau was reached at day 5 and 6, which indicated that the endothelial cells were fully differentiated concerning establishment of tight junctions. Maximum TEER averages on day 6 varied between isolations from 261± 26 to 760± 46 Ω·cm 2 under standard culture conditions (DM). Maximal TEER values varied considerably between endothelial cell isolation batches, whereas TEER was stable within batches with relative small standard deviations (Table III) .
Endothelial Cells Grown in Co-culture, Displayed Endothelial Cell Morphology and Expressed Von Willebrands Factor, Occludin, MDR-1 and Alkaline Phosphatase Activity
Endothelial cells, co-cultured with astrocytes for 6 days under standard culture conditions were characterized by immunostaining with respect to cell morphology. The cells in the monolayers were rhombic-shaped when non-confluent and spindle-shaped with localization of fibrous actin at the cell contact regions when confluent (Fig. 2a) . The cells had a length of 40-60 μm (Fig. 2a) and a thickness ranging from 0.7±0.2 μm at the cytosol to 2.4±1.3 μm at the nuclei, as judged from confocal XYZ-stacks. The cells expressed the endothelial specific VWF (Fig. 2b) , as well as the tight junction associated protein occludin (Fig. 2c) and the efflux transporter MDR-1 (Fig. 2d) . The cells thus displayed characteristics of blood-brain barrier endothelial cell morphology and protein expression. The cortical cells isolated from rat brains gradually grew to cover the bottom of the filter inserts, and they displayed a star-shaped morphology (Fig. 2e) and GFAP (Fig. 2f) , thus supporting that the cells yielded from the rat brain isolation indeed were astrocytes.
The co-cultures displayed alkaline phosphatase activity of 1.27±0.18 U/mg protein.
Increased Buffer Concentration of Culture Media Caused an Increase in TEER and a Decrease in Transendothelial Mannitol Flux
The effect of buffer composition on barrier integrity (Fig. 3a) was investigated by increasing the overall buffer concentration in the DM with HEPES, MOPS, or TES. Endothelial/astrocyte co-cultures were thus grown for 3 days in GM-followed by 3 days in buffered DM. The TEER values obtained from cells cultured in DM+HEPES, MOPS, and TES were normalized against values from cells cultured in DM in order to compare results between batches from separate isolations. Increased buffer concentration caused increased TEER compared to the standard medium (P<0.05), while there were no significant differences between the individual buffer effects. Transepithelial apical-basolateral fluxes of radiolabelled mannitol were measured and P app was calculated (Eq. 1). The P app of mannitol decreased from 3.20± Fig. 2 . Immunolocalization of a Actin, b Von Willebrand's Factor, c Occludin, d Multidrug resistance protein member 1 (green) in endothelial cells 6 days after seeding in co-culture. Astrocytes stained for e Actin (green) 1, 3, 5, and 6 days after seeding and f Glial fibrillary acidic protein (green) 3 days after seeding. The nuclei were visualized by propidium iodide staining (red). Bars 50 μm Fig. 3 . Influence of culture medium on TEER. a TEER values across endothelial cells after 6 days in co-culture. Data are presented as mean values from 6 different co-culture setups (N=6) each containing 3-6 filter inserts with the different media (n=3-6). Error bars represent standard deviations of the averages from the different cultivations. DM Differentiation medium. b Apparent mannitol permeability across the endothelial cells after 6 days in co-culture. Data are single determinations from 6 filter inserts cultured in differentiation medium (filled square) and 6 filter inserts cultured in differentiation medium+HEPES (filled triangle)
2.7×10
−6 cm·s −1 in DM to 0.483±0.14 · 10 −6 cms −1 in DM+ HEPES (Fig. 3b) . The mannitol permeability and the TEER showed an inverse relationship, indicative of a clear correlation between the two parameters. The relationship appeared to be of an inverse exponential type, which in practical terms means that above a certain TEER (500-600 Ωcm 2 ), further increases in TEER caused only minor decreases in mannitol permeability.
The Increased TEER was Caused Both by Changes of the pH in Culture Media and by the Increased Buffer Concentration
All culture media were initially buffered to pH 7.4 but pCO 2 in the incubator caused an acidification to pH 7.2 in DM and 6.8 in DM+HEPES, MOPS, and TES. In order to investigate whether the lower pH of the media caused the increase in TEER, monolayers were cultured in DM+ HEPES, which was initially titrated to pH values of 6, 7, 7.4, 8, and 9. TEER and pH were measured after 6 days of coculture (Fig. 4) . pH values had undergone acidification to pH=5.30, 6.32, 6.82, 7.11, and 7.34, respectively. TEER was significantly increased in all HEPES buffered media as compared to the control, except in pH 5.3 (data not shown), where the TEER values did not increase above those measured across an empty filter insert (P ranging from <0.05 to <0.001). This indicates that the buffering effect itself, and not the absolute pH value during growth, caused the majority of the increase in monolayer tightness. The monolayers cultured at pH values 7.11 and 6.82 reached significantly higher TEER values than all other conditions (P<0.05) but did not differ significantly between each other. Likewise, culture pH values of 6.32 and 7.34 reached similar TEER values. Altogether, Fig. 4 indicates that the differences in TEER observed in Fig. 3a were caused by a combination of a weakly acidic culture pH and an increased buffer concentration, where the increased buffer concentration was the most important factor.
Endothelial Cells Grown in HEPES, MOPS, or TESBuffered Media Showed a Selective Up-Regulation of the Tight Junction Protein Claudin-5
The expression of mRNA transcript of the tight junction proteins claudin-1, claudin-5, occludin, JAM-1 and ZO-1 (see Table II for primers) was examined in control-and HEPES buffered media. The cells cultured in DM showed equal expressions of JAM-1, ZO-1, occludin and claudin-1 as compared to cells cultured in DM + HEPES. However, claudin-5 expression was significantly lower in cells cultured in DM than in cells cultured in DM+HEPES, MOPS, and TES ( Fig. 5a and b) . This indicated that the increased buffer concentration somehow led to an increased expression of claudin-5. mRNA levels of the endogenous transporters breast cancer resistance protein (BCRP), large neutral amino acid transporter member 1 (LAT-1) and glucose transporter 1 (GLUT-1) as well as the transferrin receptor (TfRC) and insulin receptor (Ins-R) were subsequently examined in all media ( Fig. 5c and d) . The expression was unaltered between the DM medium and the DM+HEPES, MOPS, and TES media of all the investigated transporters and receptors. The up-regulation of claudin-5 on the protein level was confirmed by western blot analysis (Fig. 6 ). Claudin-5 was highly expressed in co-cultures grown in DM+HEPES, MOPS, or TES media, whereas expression was significantly lower in cells cultured in DM. Moreover, the western blot confirmed an unaltered expression of TfRC between the culture media, which confirmed the observations on the mRNA levels (Fig. 5) .
Localization of claudin-5 was investigated in cells cultured in the different media (Fig. 7) using immunocytochemistry and CLSM, as described in methods. Claudin-5 was localized mainly along the cell borders irrespective of the culture media used. However, in DM+HEPES and DM+ TES more zipper-like structures were observed at the cell borders as compared to the control cells (Fig. 7) . This structure resulted in an increase in tight junction contact zones from 169±39 μm in DM to 272±50 μm in DM+HEPES and 276±26 μm in DM+TES (Fig. 7) .
Transendothelial Resistance and Claudin-5-mRNA Transcript Levels Correlated, which Indicates a Close Coupling Between Paracellular Tightness and Claudin 5 Expression mRNA expression levels in the BBB model was examined by densiometric measurements of band intensities from the PCR products in Fig. 5a+b as well as four other independent determinations and quantifying the claudin-5 intensity against ß-actin. A correlation between TEER and claudin-5 expression was observed (Fig. 8) , which suggests a clear role of this tight junction protein in the observed BBB tightening.
DISCUSSION
The present study consisted of a characterization of an in vitro blood-brain barrier model, i.e. BCEC co-cultured with rat astrocytes, and an investigation of the influence of media buffer capacity and culture pH on barrier tightness of the endothelial monolayer. HEPES buffered medium as compared to medium only buffered by bicarbonate/CO 2 , which was speculated to be caused by better pH control (11) . Moreover, Lo et al. previously showed how small fluctuations in pCO 2 in incubators caused an apparent loss of paracellular tightness in pulmonary endothelial cells (10) . Based on this, our hypothesis was that the establishment and maintenance of endothelial cell tight junctions could be sensitive to small pH fluctuations in the media.
The addition of 50 mM of HEPES, TES, or MOPS to the culture medium during growth led to increases in average TEER from 40% up to 300%. This correlated with a decreased mannitol permeability, which confirmed a functional tightening of the junctions towards small molecules. Permeability values of small compounds like sodium fluorescein or sucrose in the ranges of 1-6×10 −6 cm/s have been reported (13) (14) (15) (16) (17) . In the present study, we obtained values ranging from 0.48 (TEER average of 1,640 Ωcm 2 ) to 3.2× 10 −6 cm/s (TEER average of 630 Ω cm 2 ), and, to our knowledge, only two studies have reported equally low permeability values (18, 19) These values were obtained from porcine endothelial cultures, which have generally Fig. 5 . RT-PCR products of primers run on cDNA isolated from endothelial cells/astrocytes after 6 days in co-culture. a Co-culture in differentiation medium (lanes 2-6) or differentiation medium+HEPES (lanes 7-11). b Co-culture in differentiation medium+HEPES, MOPS and TES. c Co-culture in differentiation medium (lanes 2-6) or differentiation medium+HEPES (lanes 7-11). d: Co-culture in differentiation medium+MOPS (lanes 2-6) or differentiation medium+TES (lane 7-11). Upper bands ß-actin, lower bands experimental product. Cldn claudin, Ladder 50 bp been known to produce high TEER values. The permeability data reported here are thus among the lowest reported for the bovine endothelial model (7).
The Main Effect of the Additionally Buffered Media was Most Likely Due to Protection from pH fluctuations
The observed effects of the HEPES, MOPS, and TESbuffered DM on the tightness of the endothelial cells, could in theory be due to (1) a change in culture media pH caused by acidification of the media when placed in the CO 2 incubators, (2) an effect of the buffer concentration itself, by protecting cells from fluctuations in pH caused by cell metabolism or variations in pCO 2 in the incubator, or (3) a direct action of the buffer compounds on the co-culture.
Absolute pH values of the culture media during growth seemed to influence paracellular tightness. The effect of absolute pH was not alone enough to account for the differences between the culture media though, as all HEPES buffered media within pH range of 6.32-7.33 developed significantly higher TEER values than the DM control. A significantly higher TEER was observed at pH 6.82 and 7.11, as compared to more acidic or alkaline media (pH=6.32 and 7.33). In contrast, previous studies have shown disruption of the BBB with following protein leakage when exposed to low pH values induced by increased pCO 2 (20, 21) . In one study, the pH was lowered to 7.04, but it was shown that a metabolic acidosis resulting in the same pH value did not prompt albumin leakage (20) . In another study, protein leakage was only observed at pH values of 6.2 or below, while pH 7.4 and pH 6.6 caused no visible leakage (21) . Although these studies have shown negative effects of acidosis in vivo, they cannot be compared directly to our findings, as the pH values of investigation were lower than ours. Extracellular pH values in the ranges comparable to our study have been shown to interfere with second messenger pathways in endothelial cells, as impaired Ca 2+ release and nitric oxide-and PGI 2 production following bradykinin stimulation has been shown at extracellular pH values of 6.4 and 6.9 compared to control pH 7.4 (22) . Hence, caution must be taken when interpreting data from a model cultured at non-physiological pH values.
It is difficult to conclude whether the apparent effects of absolute pH values observed in this study were indeed caused by the culture pH. The pK a value of HEPES of 7.31 at 37°C caused the overall buffer capacity of the media to differ even though the buffer concentration was unchanged. Hereby the buffer capacity of the media cultured at pH 6.32 would be significantly lower than the other situations, whereby the effect of pH cannot be isolated. It would be expected that the medium at pH 7.34 had the highest buffer capacity, whereby cells cultured at this pH should have developed the highest TEER values, if buffer capacity was the sole determining factor. HEPES-, MOPS-, and TES-buffered DM all increased TEER in equal magnitudes. At 37°C, their pK a values are 7.31, 7.098, and 7.16, respectively (23) . Hereby, the buffer capacity of the media differed slightly, which could be expected to affect the TEER values. All media would still be expected to possess a buffer capacity significantly higher than the regular DM, and as CO 2 fluctuations are presumed to be within the range of 0.5% (i.e. 9.5-10.5%) (10), the buffer capacity of the HEPES-, MOPS-, and TES-buffered DM should all be sufficient to stabilize the culture pH.
The apparent effect of the DM+HEPES, MOPS, and TES buffer could also be caused by a decrease in HCO 3 − concentration. The regular DM contained approximately 44 mM HCO 3 − /CO 2 while the other media contained approximately 3.4 mM, as calculated from equilibrium constants between dissolved CO 2 and the pCO 2 of 10% in − was also present in a concentration of 44 mM (11) .
HEPES, MOPS, and TES have all been found to exert a wide range of different adverse effects in different cell culture systems (24) (25) (26) (27) . Luo et al. showed that ATP production increased with 70% in MDCK-MDR-1 cells grown in culture medium with 20 mM HEPES for 6-7 days compared to the same cell line in medium without HEPES. This caused an increase in MDR-1 efflux activity, which could be a relevant effect in our model (26) . Care should be taken when interpreting data from artificially buffered cell cultures, as the buffer compounds may exert an influence, independent of the buffering effect. However, since the three investigated buffers elicited responses of comparable nature and magnitudes and no regulation in expression levels of investigated transporters and receptors were observed, it seems unlikely that the increase in TEER and the increased claudin-5 expression is due to some unknown effect of the buffer compounds, rather than the buffer effect itself.
Hence, it seems that increased buffer concentration in the culture media increased paracellular tightness across a BBB-endothelial/astrocytic co-culture by a combination of stabilizing culture pH and inducing a slightly more acidic overall pH value, where the main effect was due to protection from culture pH fluctuations.
The Increase in Monolayer Tightness Correlated with an Increase in Claudin-5 Expression
Claudin-5 is an important part of the tight junction complexes at the BBB (28) (29) (30) . Expression of claudin-5 has been shown to increase tightness of tight junction complexes, especially towards small molecules (29, 31, 32) . Koto et al. and Ishizaki et al. have both shown correlation between increased claudin-5 expression and increased TEER values. In support, Nitta and co-workers previously showed that claudin-5 knock-out mice displayed a leaky BBB concerning a 443D primary amine-reactive biotinylation reagent, whereas no serum albumin leakage, and hence no general BBB breakdown, was observed. However another study found that cAMP-dependent phosphorylation of claudin-5 led to decreased TEER in the leaky rat lung endothelial cell line transfected with wild-type mouse-claudin-5. This led to the conclusion that different tight junction proteins probably are involved in the known cAMP-induced tightening of endothelial cells (33) . Furthermore Liebner et al. have previously suggested an important role of claudin-1 in the regulation of vascular permeability, as they observed very low claudin-1 expression in leaky brain microvessels removed from human suffering from glioblastoma multiforme (34) . This made it interesting to investigate, which tight junction proteins could be involved in the observed tightening of our model.
Occludin, ZO-1, JAM-1 and claudin-1 expressions were not significantly altered in the different culture media. However, a significant up-regulation of claudin-5 on both the mRNA and protein level was observed in the media with increased buffer capacity. This up-regulation correlated with an increase in TEER values and a decrease in apparent permeability of mannitol. Furthermore, the increased buffer capacity appears to induce an increase in zipper-like junction zones as well as an increase in total junction zone length, as observed with claudin-5 immunolabelling. This correlated with the higher TEER values and claudin-5 expression. The significance of this has yet to be investigated.
The findings of Nitta et al. correlate well with our findings, where the endothelial cells maintained tight junction expression under all conditions but the junctions with the low claudin-5 level displayed the highest mannitol permeability and lowest TEER. Moreover, claudin-5 transfection into CaCo 2 cells has been shown to increase TEER with a corresponding decrease in mannitol permeability (35) . On the contrary, claudin-5 has been shown to increase TEER in MDCK-II cells without an accompanying decrease in mannitol flux, which could be attributed towards a selectivity towards restricting movement of positively charged compounds (35, 36) . An explanation could be that the effect of claudin-5 on restricting paracellular passage is dependent on the cell culture system because differences in tight junction composition lead to different heterophilic interaction opportunities for claudin-5 (for review, see (37) ).
The studies that founded our initial hypothesis did not investigate the mechanisms behind the changes they observed in paracellular tightness (10, 11) , but it is possible that the same mechanism was involved in their observations. Claudin-5 expression has been shown both in pulmonary endothelial cells and in isolated rat alveolar type II epithelial cells (38, 39) . It therefore seems plausible that the increased claudin-5 expression is, at least in part, the cause of the observed increase in barrier tightness. The linkage between fluctuations in growth media pH and claudin-5 expression is not known at the moment and must be addressed in future studies.
The Established Model Displayed Classic Blood-Brain Barrier Characteristics
The endothelial cells cultured in combination with astrocytes, i.e., co-cultures, developed into tight monolayers with occludin and claudin-5 expression along the cell borders, alkaline phosphatase activity, MDR-1, BCRP, LAT-1, GLUT-1, TfRC and Ins-R expression and TEER values in the range 300-730 Ωcm 2 , which are comparable to other bovine bloodbrain barrier models (7, 40) .
This study has demonstrated a basic characterization of our in vitro BBB model, as well as an improved tight junction expression. Regardless, a thorough characterization is still needed to estimate the usability of the model for screening purposes. Previous studies have shown poor in vivo/in vitro correlations regarding BBB permeability in a wide range of cellular models (41) . This was partly caused by poor recognition of influx transporter substrates in BBB models, which to a wide extent was attributed to paracellular leakage leading to failure to identify active influx. Poor transporter expression has been supported by other reports showing an incomplete transporter expression pattern in in vitro BBB models (42, 43) . These studies have been performed in model systems different from ours. Lyck et al. performed their study in a non-contact co-culture of murine-derived cells, while Calbria et al. performed their study in a porcine endothelial cell single culture. It has previously been shown, that the cell-cell contact between astrocytes and endothelial cells is important for the maintenance of BBB characteristics (16, 19) . Altogether this stresses the need to thoroughly characterize our model regarding transporter expression and permeability of a range of model compounds.
CONCLUSIONS
For the first time, it is shown that increased buffer concentration can increase paracellular tightness of an in vitro blood-brain barrier model. This may be utilized to improve barrier properties of in vitro blood-brain barrier models, and may also have a physiological impact. It has been shown numerous times that both acidosis and alkalosis have the potential to disrupt BBB integrity. This study extends these examinations and shows that even small fluctuations within physiologically relevant pH values may have an influence on BBB selectivity towards paracellular permeation through a regulation of claudin-5 expression. The mechanism whereby claudin-5 expression is regulated remains unclear and will be the subject of future studies.
